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ABSTRACT 


The spectral sensitivity of Hydra carnea was investi- 
gated by means of growth rate and action spectrum studies. 
The rate of asexual growth was measured over a 40 day 
period for animals cultured under white, blue, green and 
red lights of equal intensity. The growth rate was great= 
est under red light and slowest under blue; the rate under 
white light was similar to that under green. The rate of 
growth was found to be proportional to the number of 
quanta available under each light. 

The action spectrum, measured as the reaction times 
to light stimuli of various wavelengths, varied according 
to the light under which the animals were cultured. For 
animals that had been cultured in the dark, the reaction 
time was shortest at 650 nm and longest at 450 nm. Animals 
cultured under blue, green and red lights showed a decreased 
sensitivity, indicated by an increased reaction time, to 
the light under which they were cultured as compared to 


animals cultured in the dark. 
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lL. INTRODUCTION 


General Nature of Hydra 


Hydra is a genus of freshwater cnidarians with 15 
species known to exist in the ponds and streams of North 
America (Forrest, 1963). Credit for the discovery of hydra” 
goes to Antony van Leeuwenhoek (1702), but it was not until 
Abraham Trembley's work (1744) that any extensive observa- 
tions were made on the animal. Trembley performed regenera- 
tion and grafting experiments on hydra and studied its asex- 
ual reproduction and its phototaxis. His observations and 
experiments are considered classics in the field. Surpris- 
ingly, it has only been within the last twenty years that 
hydra has been used extensively for biological research, as 
was presented in Lenhoff and Loomis (1961). 

The basic biology of hydra is treated in nearly all 
invertebrate textbooks, with particularly good accounts 
given in Meglitsch (1967) and Barnes (1963), so it will not 
be discussed here. Hydra has several characteristics which 
make it an excellent animal for the investigation of 
*In this text, hydra is used as the common name for speci- 
mens of the genus Hydra. Following the terminology of 
Lenhoff and Loomis (1961), hydra is used in the singular to 
indicate one or more specimens of a single species or of 


Hydra in general when species have not been indicated. 
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biological phenomena. Being a small organism, it can be 
cultured in the large numbers necessary for quantitative 
studies or for biochemical analysis such as the study of the 
carotenoids of hydra by Krinsky and Lenhoff (1965). The 
presence of continuous cell division in hydra facilitates 
studies of growth, regeneration and cellular differentia- 
tion, such as the investigations of Burnett (1961), Diehl 
and Burnett (1965b), and Campbell (1967). Asexual reproduc- 
tion by budding is a process which under favorable condi- 
tions takes only two days for completion in hydra (Hyman, 
1940). This process has been studied by Diehl and Burnett 
(1965a) and by Clarkson and Wolpert (1967), and it permits 
one to obtain clones of genetically identical individuals. 
The simplicity of its structure, consisting of external and 
internal epithelia separated by a mesoglea, means that hydra 
lacks "a definite self-regulated internal extra-cellular 
fluia" (Lenhoff, 1961); both cell layers are bathed by the 
environmental fluid. Thus, one can exactly control the 
environment of the cells for studies of phenomena such as 
respiration (Lenhoff and Loomis, 1957), osmoregulation and 
ionic regulation (Lilly, 1955), or the feeding response of 


hydra (Lenhoff, 1965). 


Photophysiology of Hydra 


The earliest observations on hydra in regard to light 


were made by Abraham Trembley (1744). He found that the 
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animals accumulated on the illuminated side of their contain- 
er. The next significant work on this positive phototaxis 
was by Wilson (1891), who noted that Hydra viridis and H. 
fusca were most sensitive to blue light. He placed colored 
glass plates on the illuminated side of an aquarium and 
found that most of the hydras accumulated under the blue 
light. In 1960, Feldman and Lenhoff investigated the photo- 
taxis of H. littoralis. They found that recently fed hydra 
showed no phototactic response. Animals starved two days 
gave a variable response, but starvation for four or more 
Gays gave an increasingly positive response. After seven 
Gays without food, the animals moved toward the light at the 
rate of one centimeter per hour. 

Feldman and Lenhoff also noted that each hydra oriented 
its hypostome and tentacles toward the light. If an animal 
was sectioned below the hypostome, the upper end moved to- 
ward the light while the lower end did not. These observa-= 
tions suggested localized photoreception at the apical end 
rather than a generalized photosensitivity. Animals that 
had been starved for seven days were depigmented except for 
a deep orange area at the hypostome. Alcohol extracts of 
this pigment had an absorption spectrum similar to astaxan- 
thin, a carotenoid, but no evidence could be found to indi- 
cate that it served as a photoreceptive pigment in hydra 
(Feldman and Lenhoff, 1960). 


Haug (1933), studying H. viridis and H. oligactis, was 
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the first to note that the animals reacted to a light stim- 
ulus by first contracting and then orienting toward the 
light. Rushforth, Burnett and Maynard (1963), studying the 
contraction response of H. pirardi to light stimuli, found 
that the contraction time was inversely related to the in- 
tensity of the light and that there was no habituation to a 
light stimulus. The response time was also wavelength 
specific with the minimum contraction time in response to 
blue light. In addition, the light response could be inhib= 
ited by removal of the hypostome and tentacles. Rushforth, 
Krogh and Brown (1964) found that the light response of H. 
pirardi could also be inhibited by feeding the animals live 
Artemia salina, or by adding a homogenate of A. salina or a 
107° M solution of reduced glutathione to the hydra culture 
medium. After feeding, the contraction response was gradu= 
ally restored over a period of 50-60 minutes. 

Singer, Rushforth and Burnett (1963) studied the con-= 


traction response of Hydra pirardi to light stimuli of var-~ 


ious wavelengths. Measuring the time between onset of the 
light stimulus and contraction of the animal, they found 
that the response time was shortest in blue light and that 
there was a sharp decrease in sensitivity above 500 nm. 
Singer (1964) found that the contraction response of 
H. pirardi was inhibited by atropine, an inhibitor of 
acetylcholine, and was enhanced by methacholine chloride, 


which is similar in structure to acetylcholine. 
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Physostigmine and neostigmine, both inhibitors of cholines- 
terase, also enhanced the contraction response. These 
results indicated that the contraction response was mediated 
by the nervous system through a mechanism involving acetyl- 
choline. 

Electrophysiological studies have indicated that hydra 
have two major coordinating systems, each with pacemakers 
(Passano, 1962). The first system showed repetitive com- 
pound pulses called rhythmic potentials, which were up to 
QO.2 mV in amplitude. These potentials have not been direct- 
ly correlated with any observable behavior of the animals. 
The second system, called the contraction burst system, 
appeared to control the periodic coordinated contractions of 
the epidermal longitudinal muscles by means of slow compound 
potentials, with amplitudes of 0.3-0.6 mV, preceding the 
contractions. 

Passano and McCullough (1962) made electrophysiological 
studies of the light response of H. pirardi. They found 
that a light stimulus temporarily interrupted the rhythmic 
potentials and then caused a shift to a new pacemaker site 
accompanied by an increased frequency of the rhythmic poten- 
tials. The light did not affect conduction in the coordina~ 
ting system but seemed only to affect the pacemaker. Fur-= 
ther study (Passano and McCullough, 1964) showed that a 
light stimulus also interrupted a contraction burst in pro=- 


gress and then caused an increased rate of contraction 
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bursts. The rate began to decline after about 20 minutes. 
They also found that contraction burst frequency showed a 
diurnal rhythm with the lowest rate prior to dawn, the high- 
est after sunrise, and a gradual decline during the day. 

The daylight frequency was 1.5-2 times the frequency at 
night. Passano and McCullough (1965) also found that the 
rhythmic potential system was most sensitive to blue light, 
showed a sharp decline in sensitivity at 500 nm and appeared 
to be insensitive to red light. 

This study was undertaken to learn more about the 
spectral sensitivity of hydra. Earlier studies showed that 
hydra were most sensitive to blue light but nothing was men= 
tioned concerning the environmental light under which the 
animals were cultured. The purpose of this study was to 
yield additional information on the photophysiology of hydra 
by determining the relationship between spectral sensitivity 
and environmental light, as indicated by growth rate and 


action spectrum studies. 
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II. METHODS AND MATERIALS 


Collection and Identification of Animals 


The hydra used in this study were collected on 
September 9, 1967, from the outlet canal of the Calgary 
Power Plant at Lake Wabamun, Alberta. This site was chosen 
for its accessibility and abundance of fauna. The water, 
being warmed by the power plant, does not freeze in winter 
thus making collection possible at any time of the year. 
The lake is located at 53°32' North latitude, 114°35' West 
longitude, which is approximately 40 miles west of Edmonton 
on Highway 16. The altitude is 2378 feet. 

The animals were found by examining littoral plants in 


the canal. The plant from which the hydra for this study 


were collected was pondweed, Potamogeton pectinatus L. The 
hydra densely covered the plant at a depth of 2-30 centi- 
meters. At the time of collection, the water temperature 
was 22°C and the pH was 7.9. To collect the hydra, pond= 
weed was placed in glass containers with canal water and 
transported directly to the laboratory. These vessels were 
aerated for several days, and the animals were transferred 
to culture dishes as soon as they were found detached from 
the plant material. Clones were established with a number 
of these hydra by placing one individual in each dish and 


allowing it to reproduce asexually by budding. 
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Of the six species of Hydra Known to occur in Alberta, 
the species used for this study was Hydra carnea L. Agassiz 
(1850). Identification of the hydra was based on the size 
of the tentacular nematocysts, the character of the sexual 
state, and the shape of the embryonic theca. The lengths 
of the tentacular nematocyst capsules were measured using 
bright=field microscopy and an eyepiece micrometer. Twenty 
nematocysts of each type were measured to ensure an adequate 
sample for identifying an individual, and five animals were 
used to identify a clone. The measurements obtained were 
then compared to the size ranges for all the species of 
hydras in Alberta as determined by Adshead, Mackie and 
Paetkau (1963). Table I shows the size ranges for the 


nematocysts of H. carnea. 


Table I 


Nematocyst capsule lengths for H. carnea. 
Measurements are in microns (p). 


Nematocyst Adshead et al. Present 
Type 196 Study 
Desmonemes 620-920 6 03-709 
Stenoteles 10.5~20.0 11.0-13.4 
Atrichs 725-115 767-906 
Holotrichs 9.0=12.5 9 H4=11 4 


The identity of this species was confirmed by compari-~ 


son with the description by Hyman (1931). She characterized 
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the species by its relatively slender column about ten 
millimeters in length. Tentacles may be 1.5=3 times the 
column length. The animal is reddish brown. It readily 
becomes sexual in the laboratory and is hermaphroditic, 
exhibiting protandry. The nippled testes are located on 
the upper column while the ovaries develop more proximally 
(Figure 1). The embryonic theca, also shown in Figure 1, 
is soherical with short thick spines. The nematocysts of 
H. carnea are illustrated in Figure 2. The holotrichs of 
this species are especially characteristic with three dis- 


tinct transverse coils of the thread located anteriorly. 


Culture Methods 


Special care must be taken to maintain large numbers 
of hydra in optimum condition in the laboratory. Hydra are 
extremely sensitive to environmental changes and may elapse 
into a state of depression, accompanied by degeneration and 
death, if conditions are not carefully controlled (Loomis, 
1953). The animals cannot be cultured in tap water without 
use of a chelating agent due to the toxicity of copper ions 
(Chalkley and Park, 1947). Distilled water is insufficient 
for culture because hydra need both calcium ions (Loomis, 
1954) and sodium ions (Lenhoff and Bovaird, 1960) in their 
environment. Conditions for optimum growth of hydra have 
been defined by Loomis (1954), and 2 satisfactory culture 


method has been established by Loomis and Lenhoff (1956), 
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Figure 1. Drawing of Hydra carnea in the sexual 
state, showing (a) testis; (b) immature ovary; 


(c) embryonic theca. 
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Figure 2. Drawings of the four types of nematocysts 
of Hydra carnea: (a) desmoneme; (b) stenotele; 
(c) holotrich; (d) atrich. 
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providing for exact control of culture medium and food 
supply. Their method was employed in the present study. 

The culture solution consisted of distilled-deionized 
water containing 107° M calcium chloride and 107° M sodium 
bicarbonate with a pH of 7.5-8.0. Finger bowls, 4.5 inches 
in diameter, containing culture solution were used to hold 
the animals. These vessels were placed in a circulating 
water bath, the temperature of which was maintained at 
2140.5°C with a Blue M Constant=-Flow Portable Cooling Unit, 
Model No. PCC=-13A. The culture solution was changed every 
day to keep it as fresh as possible. In addition, the cul- 
ture dishes were cleaned once a week to prevent the accumu= 
lation of slime. To facilitate this cleaning, the hydra 
were detached from the glass bowl with a forceful spray of 
solution from a pipette and transferred to another contain- 
er. Any tissue damage due to this forceful detachment of 
the animals is readily repaired with no ill effects to the 
hydra (Loomis and Lenhoff, 1956). 

For feeding the animals, freshly hatched nauplii larvae 
of brine shrimp, Artemia salina, were used. The dried eggs 
were sprinkled on a brine solution with a density of 1.04 
grams per milliliter and allowed to hatch at room tempera-= 
ture. Under these conditions approximately 48 hours were 
needed for hatching. The larvae were then removed with a 
large pipette, separated from the brine solution by filtra- 


tion, and washed with hydra culture solution. They were 
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then added to the cultures of hydra with a small pipette. 
After 30 minutes the dishes were rinsed with fresh culture 
solution to remove any uningested brine shrimp. The brine 
shrimp die and decompose rapidly in fresh water and so must 
be removed as soon as possible. The solution was changed 
again about six hours after feeding to remove all egested 
material. 

The animals were maintained in light-tight culture 
chambers made of plywood (Figure 3). Each door provided 
access to two culture chambers, the fronts of which were 
covered with black felt. Each chamber measured 13.5 x 18.5 
inches with a depth of 15.5 inches. Water, pumped from the 
constant temperature bath, passed through Tygon tubing 
into each chamber from the rear and drained out through 
tubing in the front (Figure 3). The water thus circulated 
around the culture dishes placed in a plastic dishpan with- 
in each chamber. 

The hydra were cultured under conditions of constant 
illumination to avoid any effects of the diurnal rhythm 
Passano and McCullough (1964) found in the contraction 
burst frequencies. Sylvania F 20T12=-CW (cool white) fluo-~ 
rescent tubes were used as the overhead light source. This 
light passed through 12-inch square filters to control 
wavelength before the light reached the hydra cultures. 
Each filter was placed at a distance of five inches from 


three fluorescent tubes. CBS filters (Carolina Biological 
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Supply Company) with transmission peaks of 450, 545 and 650 
nm were used to provide blue, green and red culture lights 
in three of the chambers. The transmission of these filters 
was adjusted with neutral density filters to provide all 
three culture groups with light of equal overall intensity. 
The neutral density filters were prepared by coating one 
side of a Plexiglas square with smoke from a benzene-natural 
gas flame until the desired density was reached and then 
spraying with clear acrylic resin. The composition of the 
light transmitted by the three corrected filters, using 
three fluorescent tubes as the light source, is shown in 
Figure 4. As can be seen, the filters differ in the energy 
transmitted at the wavelength of maximum intensity. This 
was necessary since equal overall intensity, indicated by 
the area of each peak, was desired, for the blue and red 
filters transmitted broader peaks than the green filter. 
Diffuse white light, with an overall intensity equal to each 
of the other filters, was provided for the fourth culture 
group by a neutral density filter prepared as described 
above. Figure 5 shows the composition of the light trans=- 
mitted by this filter, again using three fluorescent tubes 
as the light source. The spectral transmission for each of 
the four filters was measured with an ISCO Model SR Spectro 
radiometer (Instrumentation Specialties Company, Inc.), the 
readings of which have been corrected for the variable sen- 


sitivity of the instrument throughout the spectrum. The 
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Figure 4. Composition of the light transmitted by the 
corrected filters used to culture animals under blue, 


green and red lights, with three fluorescent tubes as 


the light source. 
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Figure 5. Composition of the light transmitted by the 
neutral density filter used to culture animals under 
diffuse white light, with three fluorescent tubes “as 


the light source. 
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transmission of each filter was measured twice Guring the 


course of the study; no change was observed. 


Growth Rate Studies 


Growth in hydra is characterized by an increase in the 
number of individuals rather than an increase in the size 
of each animal. When fed frequently and regularly, the 
animals undergo asexual reproduction producing additional 
individuals by budding. Thus, the rate of growth can easily 
be measured by counting the number of individuals each day 
over a specific period of time, as was done by Loomis (1953). 
Such a method was followed in this study. 

In measuring the growth rate of Hydra carnea under four 
conditions of illumination, animals from one clone were used 
throughout to reduce genetic variables. The clone used had 
previously been maintained under diffuse white light. Eight 
individuals were taken from the clone, and each was placed 
in a separate dish. Two dishes were then placed in each 
chamber so that two simultaneous growth rate studies could 
be conducted under each experimental light condition. The 
studies were started on October 2, 1967, and continued for 
40 days. During this time, the animals were fed every morn- 
ing, and the number of individuals present in each dish were 
counted prior to feeding each day. The same procedure was 
repeated for a second set of studies which was initiated on 


November 20, 1967, using individuals from the same clone as 
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before. Thus four growth rate studies were conducted under 
each of the four light conditions to provide growth rate 
data for animals taken from diffuse white light and placed 
under the experimental lights. 

To determine if the growth rate pattern would change 
after the animals had been under the experimental lights 
for a period of time, a third set of studies was initiated 
on December 30, 1967. The same procedure was followed 
except that the two animals used to start the studies under 
each light were taken from the culture which developed 
during the growth rate studies initiated on October 2, 1967. 
Thus, the animals used had been exposed to that light for 


more than two months. 


Action Spectrum Studies 


Since hydra shows a contraction response to a light 
stimulus, it is possible to determine the sensitivity of 
the animal to various wavelengths of light by studying this 
contraction response as a function of wavelength. There 
are two possible ways to conduct such a study. First, one 
may determine the intensity of light necessary at each 
wavelength to cause a specific response, as was done by 
North and Pantin (1958) with the sea anemone Metridium 


senile. They determined the intensity necessary at each 


wavelength to cause a bending response. Secondly, one may 


determine how a certain response varies with wavelength, 
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using light of equal intensity at each wavelength. This 
was done by Singer, Rushforth and Burnett (1963) with Hydra 
pirardi, using the length of time between onset of the light 
stimulus and contraction of the animal as the variable re- 
sponse measured. This second method was employed in the 
present study. 

Figure 6 shows the system used to test an animal's 
contraction time. The animal to be tested was held ina 
45 x 15 mm flat-bottomed vial containing hydra solution to 
a depth of 2.5 centimeters. Light from the monochromator 
passed horizontally to a 50 mm plane mirror by which it was 
reflected down so as to illuminate the animal from above. 
That part of the apparatus from the exit slit of the mono- 
chromator to the vial holding the hydra was enclosed ina 
light-tight box to eliminate stray room light. An opening 
for viewing the animal was provided on the side of the box. 
A shutter was placed between the monochromator and the 
light source for controlling the onset of the light stimu- 
lus during testing. 

To provide light of the specific wavelengths desired, 
a Bausch and Lomb No. 33-86-25-02 High Intensity Monochrom= 
ator with a visible grating (350-800 nm) was used in con- 
junction with a Bausch and Lomb Quartz No. 1 Collective 
Lens and fixed entrance and exit slits with widths of 1.34 
millimeters and 0.75 millimeters, respectively. The light 


was provided by a Bausch and Lomb No. 33-86=20=-01 Xenon 
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Light Source with a constant wattage DC power supply. 
Corning filters No. 0-54 and No. 3-69 were used at wave- 
length ranges 350-560 nm and 560-800 nm, respectively, to 
eliminate overlapping orders of light. The appropriate 
filter was mounted at the exit slit of the monochromator. 
The system was calibrated, using the spectroradiometer men- 
tioned earlier, by measuring the radiant output as a func- 
tion of wavelength at a distance of ten centimeters from the 
exit slit. Figure 7 shows the spectral output measured for 
the system. As before, the readings have been corrected 
for the variable sensitivity of the instrument throughout 
the spectrum. 

To obtain light of equal intensity at all wavelengths, 
the distance the light traveled from the exit slit of the 
monochromator to the animal to be tested was varied with 
wavelength. Since intensity is inversely proportional to 
the distance squared, this relationship was employed to cal- 
culate the distances to be used. The output of the system 
at these distances was then checked with the spectroradiom- 
eter to ensure that equal intensities were obtained at all 
settings. Table II shows the distance used at each wave= 
length setting for testing the animals. 

The animals were tested at 11 wavelengths, every 25 nm 
from 425 to 675 nm. For each test, an animal was trans-~ 
ferred from the culture dish to a vial containing hydra 


solution and allowed to adapt in the dark for 30 minutes. 
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Figure 7. Spectral output of the monochromator using 
the xenon light source. Measurements were made at a 


distance of ten centimeters from the exitesi clon tine 


monochromator. 
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Table II 


Distances used to test the reaction times 
of hydra to 11 wavelengths. Each distance 
was measured from the exit slit of the 
monochromator to the animal to be tested. 


Wavelength Distance 
nm cm 
425 8.97 
450 9.39 
475 9 83 
500 9.64 
525 9 «38 
Cirle Gee? 
iis) 8029 
600 8.24 
625 8.34 
650 743 


675 7017 
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The vial was then placed in position for testing, and after 
one minute, the animal was subjected to the light stimulus. 
The reaction time, that time from the onset of the light 
stimulus to contraction of the animal, was measured in sec- 
onds with a stopwatch. To obtain a mean reaction time, 25 
animals were tested at each wavelength. This procedure was 
followed for animals which had been cultured under white, 
blue, green and red lights for three months in order to ob- 
tain a mean reaction time at each wavelength for each of the 
four culture groups. The hydra used in these tests were 
from the cultures developed during the growth rate studies 
initiated on October 2, 1967. 

After the above tests had been completed, a group of 
animals from each light condition was cultured in the dark 
for one month, with brief exposure to light only when the 
culture solution was changed daily or when the animals were 
fed. These animals were then tested again for their sensi- 
tivity at three wavelengths: 450, 550 and 650 nm. 

To establish a control to show how frequently H. carnea 
will contract when not subjected to any special light stim- 
uli, the contraction of animals in diffuse room light was 
observed. Twenty-five animals from the culture under white 
light were placed in a dish in the laboratory, and the 
length of time between two contractions was measured for 
each. The mean of these contraction times was taken as the 


standard contraction time. 
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III. RESULTS 


Growth Rate Studies 
The results of the growth rate studies under white, 


blue, green and red lights are summarized in Table III. 


Table IIil 


Asexual growth of Hydra carnea under white, 
blue, green and red lights. Each value is 
the total number of individuals for six 
studies under each light. 


Day Culture Light 


—— White Blue Green Red 

1 6 6 6 6 
10 20 17 18 23 
20 68 53 55 134 
30 126 104 123 348 
10 326 182 297 768 


More complete data are presented in Appendix I. In this 
appendix, the number of individuals every fifth day for 
each study is tabulated, as well as a total every fitthicay 
of the six studies of each culture group. 

Loomis (1953) has shown that the growth rate of hydra 
was logarithmic; a plot of the logarithm of the number of 
individuals each day vs. the day of the study should be 


linear. Therefore, a linear least-squares analysis, the 
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computer program for which is found in Appendix II, was 
performed on the data of each study to yield a best-fit 
value for the slope of each line. Days 6 through 40 were 
used in this analysis; the first five days of each growth 
rate study were arbitrarily deleted from the analysis to 
eliminate any effects of an initial period of adjustment 
which may have occurred due to the disturbance of the 
animals at the initiation of each study. Table IV shows 


the slopes obtained from these analyses. 


By analysis of the six growth rate studies under each 
experimental light condition, it can be seen that the 
growth rate of animals taken from diffuse white light and 
placed under blue, green or red light (studies i-4) did not 
Giffer significantly from the growth rate of animals main- 
tained under that same experimental light for two months 
(studies 5-6). In Table V are presented the averages of 
the slopes of the growth rate curves under these two con= 
ditions for comparison to verify this conclusion. Animals 
cultured under diffuse white light throughout this time 
showed no change in their growth rate; the average of the 
growth rate slopes during the time of the first four 
studies was 4.11+0.16, while the average during the last 
two studies was 4.10#40.16. Since the growth rate of the 
animals under diffuse white light did not change, one can 
assume that there was no alteration in the culturing con- 


Gitions during this time. 
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Table IV 


Values obtained by linear least-squares 
analysis for the slopes of the semilog- 
arithmic plots of the growth rate data. 


Study Culture Group 
Number White _Blue_ 
i 4.59+0.16 4.17+0.21 
2 357140211 3.7820.21 
3 4.650.015 3.7640.22 
4 3.48+0.16 304240.15 
5 3.77+0.16 3.54+40.18 
6 4 4340.10 4.10+0.16 
total 4.01+0.09 3.7240.17 
Study Culture Group 
Number Green _kRed 
il 4.51+0.18 507540.24 
2 4.374019 4,68+0.11 
3 4.16+0.10 5 259+0.28 
4 3. 74+0.15 50154010 
5 4.14+0.18 5.091+0.31 
6 4.2840.22 4.67+0.22 
total H.15t0.12 5.18+0.18 
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Table V 


Average values for the slopes of the semi- 
logarithmic plots of the growth rate data 
for animals with no previous exposure and 
with one month exposure to the experimental 


Slant 
No Previous One Month Prior 
Experimental Exposure to the Exposure to the 

Light Experimental Light Experimental Light 

(Aver. of 4 Studies) (Aver. of 2 Studies) 
Blue 3.7840422 3-82+40.18 
Green 422040019 4.21+0.22 
Red 50290. 31 5029+0.28 


In Figures 8, 9, 10 and 11, semilogarithmic plots of 
the growth rate data for each of the four culture groups 
are presented, showing the logarithm of the total number of 
individuals every second day from the six combined studies 
for each gorup vs. the day of the study. The total number 
of individuals is used for comparison of the four culture 
groups because it provides for increased statistical valid- 
ity by using a larger sample. As can be seen from the fig-~ 
ures, the animals cultured under blue light had the slowest 
growth rate, with a slope of 3.72#0.17. Animals cultured 
under red light had the greatest growth rate, with a slope 
of 5.1840.18. The slope of the curve for animals cultured 
under white light (4.0140.09) is most similar to that for 
animals cultured under green light (4.15+0.12) because 


the white light used in this experiment had its maximum 
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Figure 8. Semilogarithmic plot of the growth rate data 
obtained for animals cultured under white light. Line 
shows the best-fit value for the slope as determined by 


linear least-squares analysis of the data. 
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Figure 9. Semilogarithmic plot of the growth rate data 
obtained for animals cultured under blue light. Line 
shows the best-fit value for the slope as determined by 


linear least-squares analysis of the data. 
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Pagure 10. Semilogarithmic plot of the growth rate data 
obtained for animals cultured under green light. Line 
shows the best-fit value for the slope as determined by 


linear least-squares analysis of the data. 
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Figure 11. Semilogarithmic plot of the growth rate data 
obtained for animals cultured under red light. bine 
shows the best-fit value for the slope as determined by 


linear least-squares analysis of the data. 
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intensity in the green. 


Action Spectrum Studies 


The results of the studies on reaction times are pre- 
sented in Tables VI, VII, VIII and IX for the individuals 
cultured under white, blue, green and red light, respec- 
tively. In each table are tabulated the mean, standard 
deviation and range for the reaction times of the respective 
culture group at each of the 11 wavelength settings at 
which measurements were made. The data obtained for animals 
cultured in the dark are presented in Table X. The computer 
program used to find the mean and standard deviation for 
each set of values is given in Appendix III. 

Since an animal's reaction time increases with de-~ 
creased sensitivity to the light stimulus, the relative 
sensitvity can be determined by calculating the recirocal 
of the mean reaction time. Figures 12, 13, 14 and 15 are 
plots of relative sensitivity vs. wavelength for animals 
cultured under white, blue, green and red light, respective-~ 
ly. Figures 16, 17 and 18 present the relative sensitivity 
to wavelengths 450, 550 and 650 nm, respectively, of ani- 
mals from the four culture groups after having been cul- 
tured in the dark for one month. 

Analyses of the reaction times of animals cultured 
under different light conditions are made quantitative by 


use of the Student's "t" test, the resuits of which are 
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Table VI 


Reaction times to light of various wave- 
lengths for hydra cultured under white 
light. Twenty-five animals were tested 
at each wavelength. 


Wavelength Reaction Time (seconds) 
nm Mean Std Dev Range 
425 267 48 tly Pate fee, 
450 275 he: 216-320 
75 en 51 121-309 
500 249 43 186-337 
525 241 33 180-302 
550 307 65 206-437 
Ole 156 22 112-201 
600 105 19 (fehl: 
625 88 20 56-126 
650 25) 23 Cf ts 


675 150 34 99-219 
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Table VII 


Reaction times to light of various wave- 
lengths for hydra cultured under blue 
light. Twenty-five animals were tested 
at each wavelength. 


Wavelength Reaction Time (seconds) 
nm Mean Std Dev Range 
425 274 40 220-363 
450 348 43 272-426 
475 302 4? 240-398 
500 229 St i doa Bode 
525 208 34, 124-302 
550 214 50 99=348 
Ch ee) 258 py 181-361 
600 303 4? 210-572 
625 160 30 100-208 
650 114 24 66-179 


675 152 16 65-253 
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Table VIII 


Reaction times to light of various wave- 
lengths for hydra cultured under green 
light. Twenty-five animals were tested 
at each wavelength. 


Wavelength Reaction Time (seconds) 
nm Mean Sta Dev Range 
425 197 49 132-304 
450 241 38 171-317 
ns 203 42 119-284 
500 219 50 140-344 
525 318 48 222-432 
550 385 55 283-468 
575 256 49 £45=523 
600 293 47 777261 
625 95 20 64-136 
650 112 30 65-196 


675 138 34 84-204 
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Table IX 


Reaction times to light of various wave= 
lengths for hydra cultured under red 
light. Twenty-five animals were tested 
at each wavelength. 


Wavelength Reaction Time (seconds) 
nm Mean Std Dev Range 
N25 264 42 187-339 
450 254 53 Loe 350 
475 252 43 174=321 
500 244 39 181-311 
525 260 51 188-338 
550 213 34 150-274 
575 232 51 154-324 
600 203 30 136=248 
625 193 34 131-248 
650 233 39 151-283 


675 187 28 141-230 


-ovew suolLiav to tdipts of ar Holts 
bow isbhaw foweloo sibydt 20% “eden 
hoyaet stew alenths eviteydnawT © el 
igonéievew dose 3 a 


Xe - 


abticoee) omlT aotsosek d3pne Level e 


Spie* ved be 
elt ae | = 


’ c i 

Sf =P : 
~~ 6) 

ff -ist 


Reaction times to light of various wave- 
lengths for hydra cultured in the dark. 
Twenty-five animals from each culture 
group were tested at each wavelength. 
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Table X 


ngth Reaction Time (seconds ) 


Wavele 

nm) Mean 
450 274 
550 240 
650 143 
450 286 
550 29 
650 135 
450 282 
550 254 
650 136 
450 273 
550 246 
650 on 


sta Dev 


16 
a7 
32 
6 
43 
27 
40 
50 
32 
6 
38 
32 


Range 
184-354 
142-317 

7-205 
193-305 
164=328 

88-187 
elle O59 
162-342 

Coos 
184-374 
179-316 
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Figure 12. Relative sensitivity vs. wavelength for 
hydra cultured under white light. The relative sensi- 
tivity equals 10° times the reciprocal of the mean 
reaction time for 25 animals. The vertical line repre- 


sents one standard deviation. 
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Figure 13. Relative sensitivity vs. wavelength for 
hydra cultured under blue light. The relative sensi- 
tivity equals 10° times the reciprocal of the mean 
reaction time for 25 animals. The vertical line repre- 


sents one standard deviation. 
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Figure 14. Relative sensitivity vs. wavelength for 
hydra cultured under green light. The relative sensi- 
tivity equals 10° times the reciprocal of the mean 
reaction time for 25 animals. The vertical line repre- 


sents one standard deviation. 
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Figure 15. Relative sensitivity vs. wavelength for 
hydra cultured under red light. The relative sensi- 
tivity equals 10° times the reciprocal of the mean 
reaction time for 25 animals. The vertical line repre- 


sents one standard deviation. 
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Figure 16. Relative sensitivity to light of wavelength 
450 nm for hydra from the four culture groups that have 
been cultured in the dark for one month. The relative 

sensitivity equals 10° times the reciprocal of the mean 
reaction time for 25 animals. The vertical line repre- 


sents one standard deviation. 


: . : 7 7 oy eee 

' 

; 

' 

7 

. 

: 

- ; 

i f ‘ 

; 

; 

; 

: 

| 

i 

7 

q 

' 

a) eo ae 
iV 


Foye to tbl od vaivnistetes petanbidl vat wed 


aved t5iit aquéje. suut io. yee ect + mox - eibyl ‘x08. ne YC 

rttteies off  ijeom. eam tok ‘steed ants nt bona oie 
nsea oft to (eporgkbas oty aamis FOL alaupe' Dy tite 
-srgot ontintantsiey aa . vies re iad | goby: 


Ate 


1 can 
-toktelve® bar bass = l 


7 a "i ; - 
j fi A : i on ; 1 


Relative Sensitivity 
soa is 


ie) 


white blue green red 


Culture Group 


Figure 17. Relative sensitivity to light of wavelength 
550 nm for hydra from the four culture groups that have 
been cultured in the dark for one month. The relative 
sensitivity equals 10° times the reciprocal of the mean 
reaction time for 25 animals. The vertical line repre- 


sents one standard deviation. 
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Figure 18. Relative sensitivity to light of wavelength 
650 nm for hydra from the four culture groups that have 
been cultured in the dark for one month. The relative 
sensitivity equals 10° times the reciprocal of the mean 
reaction time for 25 animals. The vertical line repre- 


sents one standard deviation. 
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given in Appendix IV. In the following text, each proba- 
bility (derived from the "t" test) is the probability that 
the two means being compared are from the same population. 

In comparing the graphs of relative sensitivity vs. 
wavelength for hydra cultured under the four light condi- 
tions (Figures 12-15), it is easily seen that there were 
definite differences in sensitivity, as measured by reac- 
tion time, when the animals were cultured under different 
experimental lights. For animals that had been cultured in 
the dark (Figures 16-18), the sensitivity of all four cul- 
ture groups was equal at each of the three wavelengths 
tested, for there was no significant difference in the 
reaction times at each wavelength. Thus the animals showed 
the same wavelength sensitivities when cultured in identical 
environments, i.-e., when cultured in the dark, but when 
Placed in different environments (white, blue, green and red 
lights) these same animals varied in their wavelength sen- 
Sitivities according to their culture light. These changes 
can best be analyzed by first studying the results obtained 
with animals cultured in the dark, and then comparing these 
to the results obtained with animals cultured under each of 
the four experimental lights. 

When the animals were cultured in the dark, they were 
most sensitive to red light (Figure 18) and least sensitive 
to blue (Figure 16). In comparing these results to those 


of the growth rate studies, it can be seen that the animals 
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increased in number at the greatest rate when cultured 
under that light to which they were most sensitive (650 nm) 
in terms of the mean reaction time of animals cultured in 
the dark; the hydra showed the slowest rate of growth under 
the light to which they were least sensitive (450 nm) in 
terms of reaction time. 

The animals that were cultured under blue light (Table 
VII) showed a significant increase in their reaction time 
to 450 nm (p<0.001) and a decrease in their reaction times 
to 550 nm (pd0.02) and 650 nm (p<0.01), when compared to 
animals cultured in the dark (Table X). Animals cultured 
under green light (Table VIII) had a significantly in- 
creased reaction time to 550 nm (p40.001) and decreased 
reaction times to 450 nm (p<0.001) and 650 nm (p<0.01) in 
comparison to animals cultured in the dark. Likewise, 
animals under red light (Table IX) showed an increased 
reaction time to 650 nm (p¢0.001) and decreased reaction 
times to 450 nm (p40.2) and 550 nm (p<0.01). Thus, each 
of these three culture groups showed a decreased sensitiv=- 
ity, indicated by an increased reaction time, to that light 
to which they were exposed in the culture chambers. ‘They 
also showed an increased sensitivity to wavelengths other 
than that of the culture light when compared to animals 
cultured in the dark. 

At each of the three wavelengths, there was no signif- 


icant difference (p<0.001) in the sensitivities of the two 
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culture groups not exposed to that particular wavelength 
in their environment, i.e., there was no significant dif- 
ference in the reaction times to 450 nm for animals cul- 
tured under green and red lights (Tables VIII and IX). 
Likewise, there was no significant difference in the reac- 
tion times to 550 nm and 650 nm for animals cultured under 
blue and red lights (Tables VII and IX) and under blue and 
green lights (Tables VII and VIII), respectively. In addi- 
tion, each pair was significantly higher in sensitivity 
(p<0.001), as indicated by a shorter reaction time, than 
the group cultured under light of that particular wave- 
length. 

Measurements of the standard contraction time of ani- 
mals placed in diffuse room light, as a control to show how 
frequently hydra will contract when not subjected to any 
special light stimuli, yielded a mean contraction time of 
1053 + 274 seconds with a range of 604 - 1499 seconds. 

This mean contraction time is well beyond the mean contrac=- 
tion times obtained for animals exposed to the experimental 


light. stimuli. 


te luoisi6e¢ 


ne 


wd mt & 


| oatdet) atdeel Ss bas aeenpeaed 


isOox 


a 


103 to seasz A ddiw af proves 


- F&F novyed (law at ‘abe —— se 


ane ILIV sebde?l) esdytt 2 
‘cd yfonspttsapge esw uteg do! 
nesiode s yt badsokiat es »{10¢ 
o> Susbisste ots 26 ajneme 


ram Ss pahiely ciomass sige 


sseqxe sismins 205 bentes 


~<le 


be sail 


saris of powoc xe 


aaa : 
bd -, ag Src. 


wweszxso Jaco abapte® an saw 198 248 z 


el 
- 


sot ma 0&2 bas of ore’ o3 emt: 


es 
cs : 


) =e 
yy 


ETE 
-e 


. (IIL bas TiV seida? ) ext aa 


a | 


Jeri moo oauttth nt Ber 


nertw tps TIeOoO Iitw sabyel Me 


@ yi 


o6 
— 
‘ 


Ae 


~ 


7 
a y m ‘ 
5 pty + 
“ie : P ind on 


~50~ 


IV. DISCUSSION 


As was indicated in the previous chapter, the growth 
rate patterns of animals cultured under blue, green and red 
lights did not change after extended exposure to these en-= 
vironmental conditions. Therefore, it can be postulated 
that during a period of two months the hydra did not adapt 
to the new light conditions by any physiological processes 
which would alter their growth rate patterns. The effect 
of an experimental light on growth rate was initiated 
immediately upon exposure to that light. 

It has also been shown that the growth rate of Hydra 
cCarnea was greatest under red light and slowest when cul= 
tured under blue light. Therefore, it appears that red 
light enhanced the growth rate more than green or blue 
lights did. Since all the culture lights were of equal 
overall intensity, the total amount of energy reaching the 
hydra under all four lights was equal. Thus, it does not 
appear that the amount of energy, per se, was the control-~ 
ling factor affecting the growth rates of the animals. The 
important factor may have been one which varies with wave= 
length. One property of light which does vary with wave~ 
length is the quantum energy (E), which varies according to 


Equation 1: 
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where h is Planck's constant, c is the velocity of light, 
and A is the wavelength. From Equation 1 can be derived 
the relationship between total light energy (E,) and the 


number of quanta (n): 


E, = She (2) 
Thus: 
Erk 
Lor he (3) 


If the number of quanta was affecting the growth rates at 
the different wavelengths, one would expect that the growth 
rate slope divided by the number of quanta would be con- 
stant for these studies. This relationship is shown by 


Equation 4: 


g=.2% (4) 


where s is the slope of the growth rate curve. The values 
calculated for this contant (s/n) for animals cultured 


under blue, green and red lights are: 


Ss - : -20 
(FB) eo = (0266#0-03) x 10 
el =a, GL40.02 eae ao 
N/ 545 

et an = (0.63+0.02) x 107*° 


These values are equal within the bounds of experimental 
error. Therefore, it appears that the growth rate of H. 
Carnea was dependent on the number of quanta rather than 


the total light energy. 
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Since the growth rates of the hydra show a definite 
relationship to the number of quanta of light rather than 
the total light energy, the sensitivity as measured by reac- 
tion time should also be studied in these terms. If the 
number of quanta did affect the reaction times, one would 
expect that the relative sensitivity divided by the number 
of quanta would be constant. From Equation 3, one can de- 
rive a statement of this relationship: 


Ss he 
Tee cee (5) 


where S is the relative sensitivity and t is the reaction 
time. The values calculated for this constant (S/n), using 
the average of the mean reaction times of animals cultured 


in the dark for each of the three wavelengths, are: 


Boe a (3.540.6) x + Cie 
(ele = (3.240.6) x 10775 
(Slene = 6449x1'.1 nxbion*& 


Although these values are not in as close agreement as 
those obtained from analysis of the growth rate studies, it 
does appear that there is a reasonable correlation between 
the sensitivity of H. carnea, as measured by reaction time, 
and the number of quanta. 

A search of the literature has failed to reveal simi~ 
lar studies on other animals in which growth or reactivity 


was evaluated on a quantum basis. Hughes (1965) did study 
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growth in a plant, Impatiens parviflora, on this basis. He 
found that the efficiency of growth in I. parviflora was 
greatest in red and least in blue light when evaluated on 

an energy basis, but on a quantum basis the efficiency of 
growth was equal in both lights. On a quantum basis, growth 
efficiency was low in daylight=-white light, which has a high 
green content, probably due to the fact that the plants ab- 
sorb little green light. In comparison to growth at 15°C 

in blue-white light, the values obtained by Hughes for rela-~ 


tive growth efficiency were: 


Light Energy Basis Quantum Basis 

blue-white 1.00 1.00 

blue 0.81 0296 

red 19 0.98 

daylight-white 0.89 0.89 
(green) 


The results obtained by Hughes compare favorably with the 
results of the present study. In both cases, blue light 
was less efficient on an energy basis because there is 
higher energy per quantum at shorter wavelengths. 


The growth rate of Hydra carnea cultured under white 


light can be compared with the rates obtained by Loomis 


(1953) for somatic growth in H. littoralis and Chlorohydra 


viridissima. Figure 19 shows the growth rates for these 
three species. For Hydra carnea, the days plotted as 1-5 


in this figure are actually days 5-9 of the study. No 
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Figure 19. Growth rate curves for three species of 
Hydra. H. carnea data (O) from the present study. 
H. littoralis (@) and Chlorohydra viridissima (@) data 


from Loomis (1953). 
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increase in the number of individuals was observed for the 
first four days. As can be seen in the figure, the growth 
rate of H. carnea was slower than those of the other two 
species. Since very similar culture media were used in 
both studies and since the temperature in the study by 
Loomis was only one degree less than that in the present 
Study, one might conclude that H. carnea has a naturally 
slower growth rate or that this species does not grow as 
well in the medium used. It may require an additional fac- 
tor for optimum growth to occur. 

The validity of the comparison between the present 
study and that by Loomis may be questioned on the basis of 
two factors. First, the method used by Loomis for studying 
growth rate was to place several hydra, each with numerous 
buds, in a dish and count the increase in hydranths. In 
this context, a hydranth is an individual with tentacles 
and mouth, thus including both mature hydra and buds. Thus, 
Loomis did not count only mature hydra, as was done in the 
present study, but he included buds in his count. The prob- 
lem with counting both mature hydra and buds is that the 
two have different reproductive capabilities. Buds do not 
produce additional buds until after detachment, i.e., they 
do not begin budding until they are mature hydra. Also, 
Stiven (1962) has shown that newly detached individuals do 
not produce buds until 3-5 days after detachment. 


The second problem with the study by Loomis is that he 
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only counted the increase in hydranths over a period of 
four days. Since the complete process of bud formation 
takes about two days and since the newly detached individ- 
uals do not begin to produce buds for 3-5 days, it seems 
that a period of four days is not sufficient time to ade- 
quately study the growth rate of hydra. This is substanti- 
ated by the present growth rate studies. The growth rate at 
the early part of each study was significantly different 
from that during the remainder of the study. This may be 
called an "induction period" and attributed to the time 
necessary for initial formation and maturation of buds. 

As was shown in the previous chapter, when animals were 
cultured under blue, green, or red light, they showed a de- 
creased sensitivity in terms of reaction time to the wave- 
length under which they were cultured, and they showed an 
increased sensitivity to other wavelengths when compared to 
the reaction times of animals that had been cultured in the 
Gark. It appears that by continued exposure to light of a 
particular wavelength, the animals can be adapted to that 
wavelength so that they will no longer show a maximum sen- 
sitivity to it. Thus, by continuous stimulation with one 
wavelength, the animals show an increased reaction time to 
that wavelength. It also appears that light stimulation 
may enhance the general light sensitivity of the animals. 
For each of the three culture groups (blue, green, and rea), 


the sensitivities to wavelengths other than that of the 
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culture light were higher than the sensitivities to those 
Same wavelengths for animals cultured in the dark. It may 
be that animals cultured in the dark show a generally de- 
creased sensitivity to all light because of a decrease in 
the functioning of the photoreceptive system due to a lack 
of stimulation by light. 

The action spectrum of Hydra carnea cultured under 
white light can be compared to the results obtained by 
Singer, Rushforth and Burnett (1963) for H. pirardi. Fig- 
ure 20 shows the reaction time vs. wavelength for these two 
species. The reaction times are the same at 550 nm but de- 
viate sharply in either direction. The maximum sensitiv- 
ities (shortest reaction times) of H. pirardi are at 425-500 
nm, while those of H. carnea are at 600-675 nm. Since it 
has been shown that the composition of environmental light 
has an effect on spectral sensitivity, one might suggest 
that the two species were cultured under different light 
conditions. In fact, these two species were cultured under 
Similar light conditions, consisting of cool white fluores-~ 
cent tubes (Rushforth, personal communication), for these 
studies. 

Other factors which may account for the differences 
in spectral sensitivity of the two species might involve 
inherent variation between the species. However, a review 
of numerous studies of other organisms fails to show much 


variation in the action spectra of animals in general. 
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Figure 20. Reaction time vse wavelength for two species 
of Hydra. Data for H. carnea (0) are from the present 
study; H. pirardi (@) from Singer et al. (1963). 
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Mast (1917) found the earthworm Lumbricus, the marine 


annelid Arenicola, and Euglena to be most sensitive to about 


483 nm. Hecht (1920-1921) showed that the clam Mya was 
most sensitive to wavelengths in the region of 490 nm. 
Steven (1950) found the spectral sensitivity of the ammo- 
coete larva of the brook lamprey, Lampetra planeri, to be 
greatest at about 525 nm. Steven (1955) reported 500-520 
nm as the wavelengths to which the hag, Myxine glutinosa, 
was most sensitive. North and Pantin (1958) found a max- 
imum sensitivity to 490-520 nm in the sea anemone Metridium 
senile. Yoshida and Millott (1960) found the sea urchin 


Diadema antillarum to be most sensitive to 455-460 nm. 


Thus, it appears that, in addition to Hydra pirardi, many 
other animals are most sensitive to light in the range of 
425-525 nm. Therefore, it can be suggested that some fac- 
tor other than inherent species variation is important in 
the very different pattern of sensitivity observed with H. 
carnea. 

A possible factor contributing to the pattern of spec= 
tral sensitivity seen in H. carnea could be the northern 
latitude at which the specimens are located. Thus, varia~ 
tion in the natural solar radiation penetrating the atmos~ 
phere may account for the variation in spectral sensitivity. 
However, Myxine glutinosa and Lampetra planeri are both 
northern species. The greatest sensitivity for both these 


species was in the range 500-525 nm; it was at a greater 
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wavelength than that of other species reported but not at 


as great a wavelength as that found for Hydra carnea. 


Therefore, it is not possible at this time to determine the 
extent to which latitude may affect spectral sensitivity. 
Additional studies on other northern species might provide 
more information on this factor. 

Another factor which may contribute to the variation 
in spectral sensitivity obtained for H. carnea is the fact 
that these animals came from artificially warmed waters. 
Although the animals used in this study were cultured in 
the laboratory at the same temperature as was used by 
Singer et al. (1963) in their study of the spectral sensi- 
tivity of H. pirardi, further studies to compare the sensi- 
tivities of warm and cold water species, including a study 
of H. carnea from waters which are not artificially warmed, 
are needed to determine the effect, if any, of the warm 
water on spectral sensitivity. 

The question might arise as to the significance of 
the high sensitivity to red light found in this study for 
Ho. carnea. When evaluated on a quantum basis, this high 
sensitivity to red light is seen to be proportional to the 
higher number of quanta in red light at any given energy 
level in comparison to shorter wavelengths. Since growth 
rate is greater in red light, implying a higher metabolic 
ee one would assume that a greater number of quanta are 


involved under red light than under blue or green light 


js ton tod Sesxoges stooge ysdto 2orBe 
S803 wrhyyit tal Sawol: tactt | 
it entamedsb oft emis eth? as eidtasog tor 


»ysivisieanes iasdgpeqe: soeits ~sn 
7 


"q tnvim seicege muedeuen. zeddo | = 
-T0IDa% eins oui aoe 


“ 


igstisyv sid of esudiztaco yam dotdw 107982 


it 2! senxs> «8 tot bemtsado rc a 


cet ee ie ns 


istew beusrtew ylisinoriiz3s mort Sms> ee 
5 at 
tuatiuo sisw ybuda seldg at bess aioe a it 


> 


becu as6w @e@ euvtszedmes emse oft Jn ¥20: 
efea laextoece sft Ro yhuse ales at (eden) “he pi 
ofs sisgmo2 of a6 rbuta ‘sedaade basa a? 


patbofont ,selosqs 19360 Bios bas aw 20 
oa ns 
misw ylf{stoitistzs jon exes dolriw —— s203562 


misw sit to ,yos tL ,.3o0e%ts: ects enleze seb os bebe: : 
Vi ivesieapes fs 


~~ 


: “a ; 
5 sorbotkinpie ofey oF as eulss sefp ten okie! {7 


fuje atdt mt Sewokt adel Bee os —— ; 
dpid etrts ,ziesd ME IEUY no boseulsve = 
oo Laeneisregesg ed of ase nt aniett 
_ yoas nevip yos 3s Jaeti Bex ab sae 
fiwoxup some -eshryae Laven zeorode 


pean Sr. 


olLiodaszem secierd s nancy tab . 
eis sinsup 20° odes teg8e Te S ait 


= a 


septs conte 20 ott ish 
1 to a ie 
fo oo 
oa 


a es a. 7 


dG 


when the total energy level is constant. It might be 
expected that if a similar study were conducted in which 
the number of quanta rather than the total energy of light 
were held constant, the growth rates and reaction times 


obtained would be the same at all wavelengths. 
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APPENDIX I 


Table XI 


Growth rate data for hydra cultured under 
white light, showing the number of individ- 
uals every fifth day. 
that in which the study was initiated. 


(October ) 
at eee 52 
1 1 
a 1 
rd 2. 
6 6 
7 9 
9 14 
18 20 
30 he 
16 61 


The month shown is 


Study Number 


(November) (December ) 
ey ets! ee noe 
1 a i zi 
2 1 3 2 
4 2 5 4 
9 5 5 8 
15 7 16 14 
L7 10 18 uy 
24 19 22 23 
39 34 a) 30 
59 a5 60 45 

Table Xift 


Total 


Growth rate data for hydra cultured under 


blue light. 


(October ) 
ae ee 
uf 4 
ck nd 
2 2 
5 5 
9 7 
nS 13 
17 18 
23. 
28 Gyo 


Study Number 


(December ) 


(November ) 
he haat: 2 
1 4, 4, 
1 4 af 
4 3 3 
6 6 7 
10 9 9 
fa: Sediy wen 
16 19 17 
rion | a3 21 
29 30 31 


uf 
1 
3 
6 

9 
14 
17 


25 
32 


104 


137 
182 
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Table XIII 


Growth rate data for hydra cultured under 


green light. 


Study Number 
(October ) (November) (December ) 


Le ees oe Veo ke geen 
: i af a 1 ss 
1 1 rf ts 1 te 
3 2 4 3 by 2 
6 3 9 6 5 5 

11 6 Eat 8 10 9 

16 1 15 ah 18 12 
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Growth rate data for hydra cultured under 


red light. 


Study Number 
(October ) (November) (December ) 


50 OLE SE Be pe ee 
1 1 1 1 1 1 
1 41 2 1 1 1 
3 3 B 6 % 3 
a g1Bu— a0 = S42 8 8 
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APPENDIX III 


Computer program for determining the mean 


and standard deviation for a set of values 


with mg=025% 


DIMENSION TITLE(50),R(50) 
N=25 

READ(5,100) (TITLE(I),I=1,20) 
READ (5,200) (R(I), I=1,N) 
TRGR(1 ).EQ.0.0) HGO=TO%5 
SUM=0.0 

DO i I=1,N 

SUM=SUM+R(T) 

XM=SUM/N 

SDd2=0.0 

DO 2 L=1.,N 
DIFF2=(XM-R(1) )**2 

SD2 =SD2+DIFF2 
STD=SQRT(SD2/24 ) 
WRITE(6,300) (TITLE(I),I=1,20) 
WRITE(6,400) (R(I),I=1,N) 
WRITE(6,500) XM, STD 

GO TO 3 

STOP 

FORMAT (20A+4 ) 

FORMAT (10F8.0) 

FORMAT (1HO,20A4/ ) 

FORMAT (15F8.2) 


FORMAT(8HOMEAN = ,F6.2,22H STANDARD DEVIATION 


END 
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APPENDIX IV 


Results of the "t" tests performed on the 
reaction time data. 


Wavelength Culture Groups* Calculated OL .. 
nm Being Compared Ne" value Probability 
425 Ww - B 0.556 OG 
W - G 5-109 0.001 
w - R Gec3a 0.9 
Se 6.087 0.001 
B - R 0.853 04 
G - R 5.194 0.001 
450 Ww - B 6+ ZL6 0.001 
Ww - G 3.410 0.01 
W - R 1.633 0.2 
B - G 9.304 0.001 
B - R 6.676 0.001 
G - R 0.970 0.4 
WD - BD 0.925 0.4 
WD - GD 0.657 0.6 
WD - RD 0.077 p)0.9 
BD - GD 0.330 0.8 
BD - RD 1.002 0.4 
GD - RD 0.738 0s 5 
W - WD 0.089 P)09 
B - BD 4.917 0.001 
G =- GD 36730 0.001 
R -=- RD 1.318 ee 
*In this appendix, W = White, B = Blue, G = Green, R = Red 


and D 


Dark. 


** the probability is less than the value given unless other- 
wise indicated and is the probability that the two means 
being compared are from the same population. 
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Wavelength Culture Groups*™ Calculated 
nm Being Compared "te" value Probability** 
175 Ww - B 5-667 0.001 
Ww - G 1.509 0.3 
Ww - R Zeit 0.05 
B - G i a af Al 0.001 
B =- R 3-900 0.001 
G - R 4.063 0.001 
500 Ww - B 1.495 0.2 
W - G 2.268 0.05 
W - R 0.429 0.7 
B - G 0.695 0.5 
B= £8 1.159 0.3 
G - R 1.955 Ol 
525 Ww - B 3-477 0.01 
w- G 6.604 0.001 
nil a 1.570 0.2 
B- G 9.275 0.001 
is. <8 4.228 0.001 
G - R 4,128 0.001 
550 w - B 5.664 0.001 
W- G 4.586 0.001 
W - R 6.399 0.001 
B - G 3.627 0.001 
B - R 0.8197 0.5 
G =- R 134250 0.001 
WD - BD 0.773 0.5 
WD - GD 1.105 0/8 
WD - RD 68552 0.6 
*In this appendix, W = White, Blue, G = Green, R = Red 


and D 


= Dark. 


** The probability is less than the value given unless other- 
wise indicated and is the probability that the two means 


being compared are from the same population. 
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Wavelength Culture Groups* Calculated 


nm Being Compared "t" value Probability”™” 
550 BD - GD 0.380 0.8 
BD - RD O«262 0.8 
GD - RD 0.641 0.6 
W - WD 4.420 0.001 
B - BD 2-642 0.02 
G = GD 8.827 0.001 
R - RD 32229 0.01 
575 w - B 9.164 0.001 
as @ 9.268 0.001 
Wags) a8 6.878 0.001 
B - G 0.141 0.9 
B - R 1.806 Gel 
G =- R 1.699 Gel 
600 Ww - B 19.565 0.001 
Ww - G 2.797 0.01 
W - R 14.040 0.001 
B =- G 12.8496 0.001 
B - R 8.993 0.001 
G = R 6.352 0.001 
625 Ww - B 10.042 0.001 
Ws sara 0-3 
W - R 13.274 0.001 
B =- G 9.040 0.001 
B - R 3.016 0.001 
Seas 12.343 0.001 
650 Ww - B Sealers 0.01 
w- G 22557 0.02 


*In this appendix, W = White, B = Blue, G = Green, R = Red 
and D = Dark. 
**ohe probability is less than the value given unless other- 


wise indicated and is the probability that the two means 
being compared are from the same population. 
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Wavelength Culture Groups* 


(nm) - Being Compared "te" value 
650 W - R 15590 
B - G 0.262 
Barak 13.020 
G - R 12.385 
WD - BD 0.951 
WD - GD Os772 
WD - RD 0-660 
BD - GD 0.119 
BD =- RD 0.236 
GD = RD 0.109 
W - WD 6.410 
B - BD 2.897 
G - GD 2-743 
R = RD 9-486 
675 W - B 0.087 
W - G 15237 
Ww - R 4.153 
B = G 1.429 
soos os 3,518 
G, = R 5499 


*In this appendix, W = White, B = Blue, G 


and D = Dark. 
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Calculated 


Probability** 
0.001 


0.8 
0.001 
0.001 
O04 
0.5 
0.6 
P09 
0.9 
P)09 
0.001 
0.01 
0.01 
0.001 
Pp) 0-9 
0.3 
0.001 
0.3 
0.01 
0.001 


= Green, R = Red 


**the probability is less than the value given unless other- 


wise indicated and is the probability that the two means 


being compared are from the same population. 
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